Purpose: We aimed to develop pixelwise maps of tumor acidosis to aid in evaluating extracellular tumor pH (pHe) in cancer biology. Procedures: MCF-7 and MDA-MB-231 mouse models were imaged during a longitudinal study. AcidoCEST MRI and a series of image processing methods were used to produce parametric maps of tumor pHe, and tumor pHe was also measured with a pH microsensor. Results: Sufficient contrast-to-noise for producing pHe maps was achieved by using standard image processing methods. A comparison of pHe values measured with acidoCEST MRI and a pH microsensor showed that acidoCEST MRI measured tumor pHe with an accuracy of 0.034 pH units. The MCF-7 tumor model was found to be more acidic compared to the MDA-MB-231 tumor model. The pHe was not related to tumor size during the longitudinal study. Conclusions: These results show that acidoCEST MRI can create pixelwise tumor pHe maps of mouse models of cancer.
Introduction
T he extracellular pH (pHe) of a solid tumor is commonly considered to be acidic, ranging between approximately pH 6.4 and 7.2 [1] . This acidity is often attributed to the Warburg effect, when tumor cells have a propensity to undergo aerobic glycolysis that produces excess lactic acid [2] . This tumor acidosis has been suggested to contribute to growth, invasion, and metastasis and may also cause chemoresistance to weak-base drugs [3, 4] . In vivo tumor acidosis has been studied with pH microsensors, including clinical studies of malignant melanomatosis tumors [5] . However, the Bminimally^invasive procedure of inserting a microsensor into tissue can cause discomfort and damage and is inappropriate for probing inaccessible tumors in deep tissues. A variety of noninvasive biomedical imaging methods have been developed to measure in vivo tumor acidosis, but each of these methods has limitations. For example, fluorescence imaging of pHe is limited to surface tissues [6, 7] ; instrumentation for measuring pHe with in vivo EPR [8] and hyperpolarized MR spectroscopy [9] is not readily available; PET imaging [10, 11] and MR spectroscopic imaging [12] lack spatial resolution for measuring pHe; and relaxation-based MRI cannot measure pHe without also accounting for the concentration of an exogenous contrast agent [13] .
Chemical Exchange Saturation Transfer (CEST) is a relatively new MRI contrast mechanism [14] . The CEST MRI method applies a radio frequency pulse that selectively saturates the magnetization of a proton, which eliminates the coherent MR signal of this proton (Fig. 1a, step 1) . Subsequent chemical exchange of this proton with a proton on a nearby water molecule causes a loss of coherent MR signal from the water (Fig. 1a, step 2 ). CEST spectra, also known as Z-spectra, are obtained by iterating the selective saturation radio frequency and recording the % water signal that remains after the saturation period (Fig. 1b) . The amplitudes of multiple CEST effects in a single CEST spectrum can be measured by fitting Lorentzian line shapes to the experimental CEST spectrum (Fig. 1c) [15] .
The amplitude of the CEST effect involving an amide is pH-dependent because the chemical exchange of an amide proton is base-catalyzed (Fig. 1a , step 2) [16] . We and others have shown that the ratio of CEST effects from two protons on the same CEST agent can be used to measure pH in a concentration-independent manner (Fig. 1d) [17] [18] [19] [20] . Careful attention to consistent image acquisition and processing established a measurement precision of 0.07 pH units for our method [21] . We have also previously demonstrated that this method, termed BacidoCEST MRI,^can monitor relative changes in average tumor pHe. Our current report builds on our previous studies by investigating whether acidoCEST MRI can measure accurate tumor pHe values, can be used to produce parametric spatial maps of tumor pHe, and can evaluate the differences in tumor acidosis between preclinical models of mammary carcinoma.
Materials and Methods

Reagents
All reagents were obtained from Sigma-Aldrich, Inc. (St. Louis, MO), unless otherwise indicated. Clinical-grade iopromide at 788 mM was used (300 mg iodine/ml Ultravist ™ , Bayer Health Care, Inc., Leverkusen, Germany).
Xenograft Tumor Model
All in vivo studies were conducted according to approved procedures of the Institutional Animal Care and Use Committee of the University of Arizona. Models of MCF-7 and MDA-MB-231 mammary carcinoma were prepared by injecting one million tumor cells in 0.5 ml of 50 % Matrigel ™ into the upper right flank of a 6-week-old female SCID mouse. For the MCF-7 model, an 8-week slow-releasing estrogen pellet was implanted in the back of the neck. Imaging studies were conducted when the subcutaneous tumor reached a size greater than 2 mm in diameter and once every 2 weeks thereafter. Each mouse was measured four times with acidoCEST MRI, unless the tumor reached ≥2,000 mm 3 or became necrotic, at which time the mouse was euthanized. Notably, all imaging was performed before the tumor showed visible signs of necrosis.
AcidoCEST MRI
Our acidoCEST MRI protocol has been described in a previous report [21] . Briefly, each mouse was anesthetized with 1.5-2.5 % isoflurane delivered in 1 l/min oxygen gas ventilation and then secured to a customized cradle. A 27-g catheter was inserted into the tail vein. The cradle was inserted into a 7-T Biospec MRI scanner with a 72-mm-diameter quadrature transceiver coil (Bruker Biospin, Inc, Billerica, MA). The breathing rate was monitored, and the core body temperature was regulated at 37.0±0.2°C using an automated feedback loop between the temperature probe and an air heater (SA Instruments, Inc., Stony Brook, NY In a previous study, the concentration of iopromide in tumor tissue was found to be relatively stable with a change of only 6.69 % over the acquisition time frame of 4:50 min. Notably, the images acquired with selective saturation from 7.0 to 2.8 ppm, which primarily impacts the measurements of the CEST effects at 5.6 and 4.2 ppm, were acquired within 1:21 min, which had a relatively stable concentration with a change of only 1.86 % over the acquisition time frame in this previous study. The concentration of water in tumor tissue and the T 1 relaxation time of the tumor tissue were assumed to remain constant during the study. At the conclusion of the imaging scan, the mouse was removed from the scanner and cradle and allowed to recover.
Image Processing
The acidoCEST MR images were processed using MatLab® R2012B (Mathworks, Inc., Natick, MA). All six CEST-FISP images were averaged. To improve the signal-to-noise for individual pixels, a pixel averaging technique was employed that binned 3×3 adjacent pixels, which decreased the original spatial resolution. A second pixel averaging technique was used that applied a Gaussian low-pass filter with the size of 7×7 adjacent pixels with a standard deviation of one pixel, which retained the original image spatial resolution. The CEST spectrum from each of the averaged pixels was smoothed with cubic spline smoothing [22] . Thereafter, the smoothed CEST spectrum was fitted with a sum of three Lorentzian line shapes, to account for the direct saturation of water and to measure the CEST effects at 4.2 and 5.6 ppm [15] . The pHe of each averaged pixel with two CEST effects greater than 2√2× noise was determined using an empirical calibration based on chemical solutions of iopromide (Fig. 1d ). This empirical calibration can determine pHe between 6.12 and 7.02 units with a precision of 0.07 pH units. The CEST amplitude at 5.6 ppm is too low to measure tumor pHe≫7.0, and the CEST amplitude at 4.2 ppm is too low to measure tumor pHe≪6.2, at the typical contrast-to-noise levels observed in our in vivo studies with pixelwise analysis. Therefore, we have limited our pH calibration range to approximately pH 6.2 to 7.0. These pixels were represented as colored pixels in the pHe map. Pixels with only a single CEST effect at 4.2 ppm greater than 2√2× noise were set to be pH 7.0. These pixels were represented as white pixels in the pHe map. Using a 2√2× noise threshold ensured that the CEST contrast was due to the agent with 95 % probability [23] . The extent of contrast agent uptake was the summation of colored pixels and white pixels relative to the total number of pixels that represented the tumor. Notably, this procedure used a systematic algorithm that did not require user intervention, so that the procedure was devoid of bias.
Tumor Microsensor pHe Measurements
Microsensor pHe measurements were performed with mice immediately after acidoCEST MR imaging sessions while the mice were still under anesthesia. The anesthesia was supplied throughout the microsensor pHe measurement. The anesthetized mouse was placed on a heating pad to maintain the body temperature at 37°C. Reliable measurements with only 13 mice were made with the microsensor, because the fragile microsensors were prone to breaking, and replacement sensors were not always immediately available. A five-point calibration between pH 4.0 and 9.0 was performed with the needle-type pH microsensor (PreSens Precision Sensing GmbH, Regensberg, Germany) each day prior to in vivo measurements. Five pH solutions were prepared by mixing 40 mM NaH 2 PO 4 and 40 mM Na 2 HPO 4 . The pH values of these buffer solutions were determined with a calibrated pH microsensor (Mettler Toledo, Columbus, OH USA). The pH microsensor was securely fastened to a micromanipulator and inserted into the subcutaneous tumor tissue. Once inserted, the pH microsensors were extended outside the needle housing by 1 mm to minimize damage to the fiber optic tip. The microsensor was placed depthwise approximately mid-way into the tumor and was placed approximately in the center, left half, and right half of the tumor, as viewed from a coronal orientation. Four pH measurements were recorded in 10 s intervals after the pH recording was stabilized, which typically occurred 1 min after extending the microsensor out of the needle housing. After the pH measurement, the microsensor was retracted back into the needle housing, and the microsensor and housing were withdrawn from the tumor.
Statistical Analysis
The two-tailed, paired Student's t test assuming equal variances was used to for all evaluations of statistical significance. This test paired the average pH measurement made with acidoCEST MRI with the average pH measurement made with a pH electrode immediately following the acidoCEST MRI scan. Equal variances were used for this t test because the pH measurements with the pH microsensor and acidoCEST MRI had the same standard deviations. Equal variances were also assumed for comparisons of Gaussian filtering vs. 3×3 binning methods and for comparisons of measurements made with the MCF-7 vs. MDA-MB-231 tumor models.
Results
In Vivo AcidoCEST MRI
We performed in vivo acidoCEST MRI studies with xenograft tumor mouse models of MCF-7 and MDA-MB-231 mammary carcinoma. Anatomical images showed that each tumor mass was visually homogenous, indicating no signs of necrosis during each imaging scan. After preparing each mouse for the imaging session, a diamagnetic CEST agent, iopromide (Ultravist™, Bayer Healthcare, Inc., Fig. 1a) , was injected i.v. and continuously infused during the MR imaging session. In vivo CEST spectra were obtained by iterating a saturation frequency from −10 to +10 ppm and recording the normalized water signal amplitude using a FISP MRI acquisition protocol (Fig. 2a) .
Pixel averaging methods and a cubic spline smoothing procedure [22] facilitated the selective detection of two CEST effects from iopromide within the pixels of the MR images. The CEST spectrum from each pixel was fitted with Lorentzian line shapes [15] to quantitatively measure each CEST effect (Fig. 2b) . The low residuals near 4.2 and 5.6 ppm attest that these fittings could accurately measure each CEST effect. CEST amplitudes above a 2√2× noise threshold were retained, because this threshold represented a CEST effect that could be assigned to the agent with a 95 % probability.
Our previous acidoCEST MRI analysis methods only measured the average tumor pHe. Our current methods improved on our previous methods by creating parametric maps of pixelwise pHe values. Figure 3b and Supplementary  Fig. S1b show examples of a subcutaneous tumor with a strongly acidic pHe and mildly acidic pHe, respectively, which demonstrates the range of pixelwise tumor pHe values that were measured. Colored pixels indicated regions with two CEST effects greater than 2√2× noise, which were used to measure the pHe of the pixel. White pixels indicated pixels with a single CEST effect at 4.2 ppm greater than 2√2× noise, which confirmed that sufficient agent had been delivered to the pixel region, but the pHe was too high to generate a measurable CEST effect at 5.6 ppm. These pixels were considered to have a pHe of 7.0. Although the pHe of these pixels may be higher, our methodology is intended to measure tumor acidity, and pixels above pHe 7.0 were considered to be pH-neutral.
Our first attempts to analyze CEST spectra from individual pixels were unsatisfactory due to low contrast-to-noise (CNR; Supplementary Fig. S2b ). To improve the CNR, we averaged the six CEST-FISP images acquired during a single acidoCEST MR imaging session. We then performed pixel averaging by binning a 3×3 cluster of pixels into a single pixel and then smoothed each CEST spectrum from the binned pixel with a cubic spline function ( Supplementary Fig. S2d ). Other binning sizes produced pixelwise maps with less balance between CNR and spatial resolution ( Supplementary Fig. S2c , e, f). Although this processing procedure with 3×3 binning provided acceptable CNR for fitting CEST spectra with Lorentzian line shapes, the binning process reduced the spatial resolution to 750 μm. Therefore, we performed pixel averaging using a Gaussian low-pass filter and then performed the cubic spline smoothing and Lorentzian line shape fitting ( Fig. 3b and Supplementary Fig. S1b ). This procedure retained the 250-μm spatial resolution of the original MR image and was used for all subsequent analyses. The procedures with 3×3 binning and Gaussian low-pass filtering produced the same average pHe values, average standard deviation of spatial pHe distribution, and average percent uptake values (Table 1) , which indicated that the Gaussian filtering did not affect the quantitative measurements.
B 0 magnetic field inhomogeneity was evident across the image of each mouse including the tumor region, as indicated by the deviation of water chemical shift from (Fig. 3d and Supplementary Fig. S1c ; similar results with 3×3 binning are shown in Supplementary Fig. S3a-c) . However, the differences between the chemical shift of water and the chemical shifts of the CEST effects showed little deviation from the expected values of 4.2 and 5.6 ppm, which showed that our Lorentzian line shape fitting method correctly identified CEST peaks relative to water despite the presence of B 0 inhomogeneity (Fig. 3e, f and Supplementary  Fig. S1d,e) . Similarly, variable endogenous T2 relaxation times were evident in the image as shown by the variability of the width of the direct saturation of water ( Fig. 3g and Supplementary Fig. S1f ; similar results with 3×3 binning are shown in Supplementary Fig. S3d-f ). This T2 variability was more evident in the tumor tissue and other tissue regions relative to the regions of the bladder and phantom of iopromide, because these latter regions were more homogenous and more fluid, leading to lower B 0 inhomogeneity and longer T2 relaxation times. Measurements of the line widths of the CEST effects at 4.2 and 5.6 ppm showed little deviation, which showed that the CEST effects were less sensitive to T2 relaxation in these tumor models (Fig. 3h, i and Supplementary Fig. S1g, h ).
Comparison of Tumor pHe Measurements with AcidoCEST MRI and a Microsensor
We compared our tumor pHe measurements using acidoCEST MRI with tumor pHe measurements made with a pH microsensor (Fig. 2c) . Assuming that the pH microsensor is Fig. 3 AcidoCEST MRI measured tumor pHe in a subcutaneous MCF-7 mouse model with strongly acidic tumor pHe. Supplementary Fig. S1 shows similar results for a subcutaneous MCF-7 mouse model with a mildly acidic tumor pHe. a A FISP image shows the tumor location. b, c The pHe maps show colorful pixels where two significant CEST effects were measured and converted to pHe values, while white pixels show where only one significant CEST effect was measured, which represented pH 97.0. Gaussian filtering generated a pHe map with better spatial resolution than 3×3 binning. d A range of water chemical shifts throughout the tumor and torso showed the effects of B 0 inhomogeneity, but the CEST effects at e 4.2 and f 5.6 ppm relative to the chemical shift of water (i.e., BΔ chemical shift^) were measured with homogenous Δ chemical shifts, demonstrating that B 0 inhomogeneity did not affect the pH measurements. g Similarly, a range of relatively broad water peak widths were measured in the tumor and torso, but more homogenous and narrow peak widths were measured for the CEST effects at h 4.2 and i 5.6 ppm.
the Bgold standard,^the accuracy of the acidoCEST MRI method was determined to be 0.034 pH units. The pHe values for each tumor were not significantly different (p=0.14). The mean and median standard deviations of the pixelwise distributions of the acidoCEST MRI measurements of each tumor were both 0.13 pH units, respectively, and the mean and median standard deviations of the three microsensor measurements of each tumor were 0.12 and 0.10 pH units, which were not statistically different (p=0.72).
Only a subset of mice on a subset of days were measured with a microsensor, because the microsensor was mechanically fragile and frequently broke during use, despite being protected by a stainless-steel needle housing. Also, the fluorescent coating was scrubbed and damaged after repeated measurements, causing the microsensor's measurements to become unreliable. Measurements made with a damaged microsensor were discarded. The insertion of the microsensor also caused necrosis, which demonstrated that the microsensor is invasive. The difficulty in measuring tumor pHe with a microsensor emphasizes the need for a noninvasive acidoCEST MRI method.
The microsensor measured tumor pHe values with Bbiopsystyle^sparse coverage. To account for this sparsity, we assumed that tumors with 950 % of the tumor area that had pHe values G7.0 would be sparsely sampled by the microsensor only in these acidic regions. Therefore, we calculated the average pHe of the tumor using all pixelwise pHe values below 7.0 when more than 50 % of the measured tumor area had pHe values below 7.0. We assumed that the other tumors with 950 % of the tumor area that had pHe values 97.0 would be sampled by the microsensor in any tumor region, so we calculated the average pHe of these tumors using all pixelwise pHe values above and below 7.0. With this consideration for Bbiopsy-style^sparse coverage of the microsensor, the pHe measurements with both methods were highly correlated (R 2 =0.74; R 2 =0.58 without this consideration as shown in Supplementary Fig. S4 ).
Comparison of Mouse Models with AcidoCEST MRI
We used MRI to measure tumor volume, which showed that the MCF-7 tumor model with estrogen supplement grew faster than the MDA-MB-231 tumor model (p value G0.01; Table 1 and Fig. 4d) . The MCF-7 model was more acidic than the MDA-MB-231 model (p value G0.001; Table 1 and Fig. 4a ). This result was similar to a previous observation that measured the average pHe of MCF-7 and MDA-MB-231 xenograft tumor models with 1 H MRS of IEPA [24] . These results are consistent with the Warburg effect, because the faster growth of the MCF-7 model suggests a more rapid glycolytic metabolism that produces more lactic acid. We also observed that the spatial distribution of pixelwise tumor pHe values for the MCF-7 model was greater than the MDA-MB-231 model, as measured by the standard deviation of the pixelwise values in each tumor pHe map (Fig. 4b) . These results suggest that the tumor microenvironment was more heterogeneous in the faster growing tumor model.
Higher percent uptake of the agent during the MRI studies suggests higher vascular permeability that facilitates the uptake of nutrients into the tumor and may also suggest greater tumor angiogenesis [25] . Therefore, a higher percent uptake of the agent in the faster growing tumor model was expected. However, the percent uptake of the agent in both tumor models was not significantly different (Fig. 4c) , indicating that the percent uptake value from acidoCEST MRI is not a reliable quantitative measurement and instead should be used only as a qualitative assessment. Also, the uptake of the agent at a level above the detection threshold was less than 100 % in all tumors, and therefore, the tumor pHe could only be evaluated in a subset of the tumor. This bias towards acidoCEST MRI measurements of tumor regions with higher uptake of iopromide may bias the average measurement of tumor pHe. Future developments of CEST MRI methodologies that improve detection sensitivity may improve the interrogation of the entire tumor with acidoCEST MRI [26] .
Similar quantitative correlations between tumor pHe, percent uptake, and tumor size were not observed for individual mice. The MCF-7 tumors and MDA-MB-231 tumors reached their respective levels of pHe at a small size, and these tumors for individual mice maintained their respective acidity levels as the tumors grew (Fig. 5a) . Similarly, each tumor model reached a level of acidity regardless of the level of percent uptake of the agent in the tumor, and this level of acidity did not change for each individual mouse (Fig. 5b) . The percent uptake tended to be higher for larger tumors for the fast-growing MCF-7 model (Fig. 5c) . No quantitative relationship between percent uptake and tumor size was observed for the slower growing MDA-MB-231 model (Fig. 5d ). This last result reinforces that the percent uptake value from acidoCEST MRI should only be used for qualitative assessments.
Discussion
Our study shows that acidoCEST MRI can accurately measure tumor pHe and can generate parametric maps of pHe values with excellent spatial resolution. AcidoCEST Supplementary Fig. S5 for a version with a log 10 format for the x-axis for Fig. 5a , c, and d.
MRI improves on previous imaging methods that measure tumor pHe, because our MRI method is not limited to interrogating tumor surfaces; can measure tumor pHe with excellent spatial resolution; can measure tumor pHe in a concentration-independent manner; and can measure tumor pHe with preclinical MRI instrumentation that is readily available at many institutions. As another advantage relative to previous imaging methods, acidoCEST MRI has strong potential to be translated to the clinic. The FISP MRI acquisition protocol is available for most clinical MRI scanners. Clinical CEST MRI protocols have been implemented to measure endogenous CEST effects in other organs [27, 28] . Although the RF saturation used for acidoCEST MRI raises safety concerns about the absorbance of high radio frequency energies in tissues, these other clinical CEST MRI protocols have used stronger saturation powers and longer saturation times than the saturation power and time used in our study. As a major advantage, iopromide is already approved for clinical X-ray and CT studies and is approved for i.v. injection into patients at a volume that is 4-5.5-fold higher than the amount used during our studies with mouse models, based on a ratio of body surface areas of mice and humans [21] .
The acidoCEST MRI method has strong potential to be used for many studies with mouse models of human cancers. This report demonstrated that tumor pHe was not correlated with tumor size or percent uptake in xenograft models of MCF-7 and MDA-MB-231 mammary carcinoma. Therefore, pHe is an independent biomarker of the tumor microenvironment. Additional studies are warranted to determine if tumor pHe is correlated with biomarkers associated with acidosis such as carbonic anhydrase IX [29] or if tumor pHe is linked to hypoxia [30] . Additional studies with other xenograft, orthotopic, and transgenic models are warranted to determine if tumor location within the mouse model affects tumor pHe. These studies may be useful for ensuring that an appropriate mouse model is selected for each cancer biology study.
AcidoCEST MRI may have particular utility for predicting chemotherapeutic efficacy before a drug treatment is initiated. As shown in this study, the MCF-7 mouse model had a significantly lower average tumor pHe relative to the MDA-MB-231 mouse model. Tumor acidosis can cause chemoresistance to weak-base drugs and may potentiate the efficacy of weak-acid drugs [3, 4] . Therefore, preclinical studies of pH-dependent drugs should select a mouse model with an appropriate tumor pHe for best results. When acidoCEST MRI is translated to the clinic, clinical trials may stratify patient populations based on tumor pHe to properly assess pH-dependent drugs. Furthermore, an individual patient's tumor pHe may provide decisive evidence for prescribing a weak-base or weak-acid drug, which can provide the paradigm of personalized medicine for each individual patient [31] . For these many reasons, acidoCEST MRI may have great potential to impact patient care.
